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LOW POWER DEVICE FOR HIGH-SPEED
TIME-INTERLEAVED SAMPLING

TECHNICAL FIELD

Various embodiments relate generally to integrated cir-

cuits (ICs), and more specifically, to analog-to-digital con-
verters (ADCs).

BACKGROUND 10

Communication systems transport data from a transmaitter
to a recerver over a data link. Before transmission, data may
be encoded 1n analog or digital formats. Some communica-
tion systems may modulate a carrier signal to carry the data 15
information from the transmitter to the receiver. At the
receiver, data may be recovered by demodulating the
received signal.

Data links that transport data may be wired or wireless.
Wired communication systems may include telephone net- 20
works, cable television, internet service provider, and fiber-
optic communication nodes, for example. Wireless data
links may transfer information between two or more points
that are not connected by an electrical conductor. Wireless
data links may transport data by using electromagnetic 25
waves propagating through a medium, such as air or free
space.

At a recerver 1n a digital communication system, a digi-
tally-encoded data stream may be received as an analog
signal and converted to a digital format by an analog-to- 30
digital converter (ADC). The ADC interprets the data stream
as a function of time. For example, some ADCs may be
synchronized to a clock signal that determines when a
voltage signal 1s to be sampled.

35
SUMMARY

Apparatus and associated methods relate to a time-inter-
leaved mtegrating sampling front-end circuit using integrat-
ing builers. In an illustrative example, a circuit may include 40
N sampling layers of circuits, an i” sampling layer of
circuits of the N sampling layers of circuits may include: (a)

X butlers configured to receive an analog signal, X =1, and,
(b) Y, track-and-hold circuits, each track-and-hold circuit of
the Y, track-and-hold circuits 1s coupled to an output of a 45
corresponding bufler of the X buflers, Y.z1, at least one
buffer of the X, buflers may include an integrating bufler,
N=zi1z1. By implementing integrating buflers, a faster linear
type of step settling response may be obtained as opposed to
a slower exponential type of settling response. 50

Various embodiments may achieve one or more advan-
tages. For example, by using integrating builers, some
embodiments may provide an analog-to-digital converter
(ADC) with a relaxed required bandwidth by more than 5
times and the power consumption of the ADC may be 55
reduced to less than 30%, keeping the same footprint. In
some embodiments, the ADCs that implement the integrat-
ing buflers may be used for high-speed applications (e.g.,
Serializer-Deserializer (SerDes) applications, field program-
mable gate array (FPGA) mput/output (I0O) applications, 60
optical transceiver applications, 3G technologies). In some
embodiments, time-interleaved ADCs may be used to
improve the data throughput or power for a given data
throughput of a receiver. Some embodiments may use inte-
grating buflers that includes gated transconductors, and the 65
operation of the gated transconductors may be controlled by
corresponding controlling signals. Some embodiments may

2

use integrating builers to perform integrations and obtain the
linear settling response. In some embodiments, sampling
sequences and clock signals used to control the samplings
may be designed to reduce interferences between samples.

In an exemplary aspect, a circuit mcludes N sampling
layers of circuits, Nz1, an i”” sampling layer of circuits of the
N sampling layers of circuits includes: (a) X bullers con-
figured to recerve an analog signal, X =1, and, (b) Y,
track-and-hold circuits coupled to an output of a correspond-
ing bufler of the X, buflers, Y =1, at least one bufler of the
X. bullers comprises an integrating buitler.

In some embodiments, the integrating buller may include
a transconductor. In some embodiments, all butlers of the X,
buflers in one sampling layer of circuits may be a same type
of integrating builer. In some embodiments, the integrating
builer may include a transconductor and a resettable capaci-
tor, the output of the transconductor i1s coupled to one
terminal of the resettable capacitor, and the other terminal of
the resettable capacitor 1s coupled to a finite 1impedance
voltage source. In some embodiments, the analog input
signal may be a differential signal.

In another exemplary aspect, a circuit includes a first
sampling layer of circuits. The first sampling layer of
circuits includes (a) M buflers configured to receive an
analog input signal, and (b) M sets of switches, each set of
the M sets of switches includes K switches, M=1, K=1. Each
switch 1n a corresponding set of the M sets of switches 1s
coupled 1s coupled to a corresponding builer of the M
buflers, and at least one builer of the M bullers comprises an
integrating builer.

In some embodiments, the integrating bufler may include
a transconductor. In some embodiments, all bufters of the M
buflers i the first sampling layer of circuits may be a same
type of integrating bufler. In some embodiments, the inte-
grating builer may include a transconductor and a resettable
capacitor, the output of the transconductor 1s coupled to one
terminal of the resettable capacitor, and the other terminal of
the resettable capacitor 1s coupled to a finite 1impedance
voltage source. In some embodiments, the first sampling
layer of circuits may also include KIM capacitors, each
capacitor of the KIM capacitors may be connected to a
corresponding switch of the M sets of switches 1n parallel to
form a corresponding resettable capacitor. In some embodi-
ments, the first sampling layer of circuits may also include
KIM capacitors, each capacitor of the KIM capacitors may
be connected to a corresponding switch of the M sets of
switches 1n series to form a corresponding track-and-hold
circuit.

In some embodiments, the circuit may also include a
second sampling layer of circuits. The second sampling
layer of circuits may include K*M bulflers, each builer of the
KIM buflers may be coupled to a corresponding switch of
the M sets of switches 1n the first sampling layer of circuits.
In some embodiments, the second sampling layer of circuits
(Rank 2) may also include KIM capacitors, each capacitor of
the K*M capacitors may be connected to a corresponding
switch of the M sets of switches 1n parallel to form a
corresponding resettable capacitor. In some embodiments,
the one or more bufllers of K*M buflers may include a
transconductor. In some embodiments, the circuit may also
include K*M*N sub-analog-to-digital converters, each N
sub-ADCs of the K*M*N sub-ADCs may be commonly
connected to a corresponding bufler of the KIM buflers, N
1. In some embodiments, the analog 1nput signal may be a
differential signal.

In another exemplary aspect, a method includes (a) pro-
viding a first sampling layer of circuits having M buflers and
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M sets of switches, each set of the M sets of switches
includes K switches; (b) configuring each bufler of the M
butflers to receive an analog input signal; and, (¢) coupling
cach switch 1n a corresponding set of the M sets of switches
to a corresponding bufler of the M buflers, M=1, K=1, at
least one bufler of the M bullers include an integrating
builer.

In some embodiments, the integrating bufler may include
a transconductor. In some embodiments, the integrating
butler may include a gated transconductor. In some embodi-
ments, the mtegrating bufler may include a transconductor
and a resettable capacitor, the output of the transconductor
1s coupled to one terminal of the resettable capacitor, and the
other terminal of the resettable capacitor 1s coupled to a
finite impedance voltage source. In some embodiments, the
method may also include providing K*M capacitors and
connecting each capacitor of the K*M capacitors to a
corresponding switch of the M sets of switches 1n parallel to
form a corresponding resettable capacitor.

In some embodiments, the method may also include
providing K*M capacitors and connecting each capacitor of
the KIM capacitors to a corresponding switch of the M sets
ol switches 1n series to form a corresponding track-and-hold
circuit. In some embodiments, the method may also 1include
providing a second sampling layer of circuits having KIM
buflers and coupling each bufler of the K*M buflers to a
corresponding switch of the M sets of switches 1n the first
sampling layer of circuits.

The details of various embodiments are set forth in the
accompanying drawings and the description below. Other
teatures and advantages will be apparent from the descrip-
tion and drawings, and from the claims.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 depicts an exemplary programmable integrated
circuit (IC) on which the disclosed circuits, methods and
processes may be implemented.

FIG. 2A depicts an exemplary time-interleaved (T1) ana-
log-to-digital converter (ADC) with an integrating sampling
front-end circuit implemented in the IC.

FIG. 2B depicts timing diagrams of exemplary clock
signals and voltage signals of the integrating sampling
front-end circuit described with reference to FIG. 2A.

FIG. 3A depicts a simplified diagram of an exemplary
transconductor.

FIG. 3B depicts a simplified diagram of an exemplary
gated transconductor.

FIG. 3C depicts an exemplary integrating bufler having a
gated transconductor and a resettable capacitor.

FIG. 4A depicts an exemplary symbol of the integrating
butler described with reference to FIG. 3C.

FIG. 4B depicts exemplary simplified timing diagrams for
the integrating builer described with reference to FIG. 3C.

FIG. 5 depicts another exemplary sampling front-end
circuit using integrating butlers.

FIG. 6 depicts timing diagrams of exemplary clock sig-
nals of the sampling front-end circuit described with refer-
ence to FIG. 5.

FIG. 7 depicts an exemplary clock local distribution
scheme for sub-ADCs in the TI-ADC converter with refer-
ence to FIG. 3.

FIG. 8 depicts another exemplary generalized integrating,
sampling front-end circuit implemented with the integrating
buflers described with reference to FIG. 3C.
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FIG. 9 depicts a flow chart of an exemplary method to
implement the integrating sampling {front-end circuit
described with reference to FIG. 8.

FIG. 10 depicts an exemplary System-on-Chip (SOC) on
which the disclosed circuits, methods and processes may be
implemented.

Like reference symbols 1n the various drawings indicate
like elements.

DETAILED DESCRIPTION OF ILLUSTRATIV.
EMBODIMENTS

T

Apparatus and associated methods relate to a time-inter-
leaved 1ntegrating sampling front-end circuit using integrat-
ing buflers. In an 1llustrative example, a circuit may include
N sampling layers of circuits, an i” sampling layer of
circuits of the N sampling layers of circuits may include: (a)
X, buflers configured to recetve an analog signal, X =1, and,
(b) Y, track-and-hold circuits, each track-and-hold circuit of
the Y, track-and-hold circuits 1s coupled to an output of a
corresponding bufler of the X buflers, Y.=z1, at least one
buffer of the X, buflers may include an integrating bufler,
Nzi1=1. By 1mplement1ng integrating builers, a faster linear
type of step settling response may be obtained as opposed to
a slower exponential type of settling response.

To aid understanding, this document 1s organized as
follows. First, an exemplary platform (e.g., FPGA) suitable
to perform data communication and signal conversion 1s
briefly introduced with reference to FIG. 1. Second, with
reference to FIGS. 2A-2B, the discussion turns to exemplary
embodiments that 111ustrate an 1ntegrat1ng sampling front-
end circuit having integrating builers 1n an analog-to-digital
converter (ADC). Then, with reference to FIGS. 3A-4B,
exemplary architectures used to form an integrating bu:Ter
(e.g., tranconductor, gated transconductor, gated resettable
transconductor) are discussed. Then, with reference to FIGS.
5-9, generalized structures of exemplary integrating sam-
pling front-end circuits and methods to implement general-
1zed integrating sampling front-end circuits are discussed.
Finally, with reference to FIG. 10, another exemplary plat-
form (e.g., SOC) suitable to perform data communication
and signal conversion 1s briefly introduced.

FIG. 1 depicts an exemplary programmable integrated
circuit (IC) on which the disclosed circuits, methods and
processes may be implemented. A programmable 1IC 100
includes FPGA logic. The programmable IC 100 may be
implemented with various programmable resources and may
be referred to as a System on Chip (SOC). Various examples
of FPGA logic may include several diverse types of pro-
grammable logic blocks in an array.

For example, FIG. 1 illustrates a programmable 1C 100
that includes a large number of different programmable tiles
including multi-gigabit transceivers (MGTs) 101, configur-
able logic blocks (CLBs) 102, blocks of random access
memory (BRAMs) 103, input/output blocks (I0Bs) 104,
configuration and clocking logic (CONFIG/CLOCKS) 105,
digital signal processing blocks (DSPs) 106, specialized
iput/output blocks (I/0) 107 (e.g., clock ports), and other
programmable logic 108 (e.g., digital clock managers, ana-
log-to-digital converters, system monitoring logic). The
programmable IC 100 includes dedicated processor blocks
(PROC) 110. The programmable IC 100 may include inter-
nal and external reconfiguration ports (not shown).

In various examples, a serializer/deserializer may be
implemented using the MGTs 101. Data deserializers may
include various demultiplexer implementations.




US 10,911,060 Bl

S

In some examples of FPGA logic, each programmable tile
includes a programmable interconnect element (INT) 111
having standardized inter-connections 124 to and from a
corresponding interconnect element 1n each adjacent tile.
Theretfore, the programmable interconnect elements taken
together implement the programmable interconnect struc-
ture for the illustrated FPGA logic. The programmable
interconnect element INT 111 includes the intra-connections
120 to and from the programmable logic element within the
same tile, as shown by the examples included 1n FIG. 1. The
programmable iterconnect element INT 111 includes the
inter-INT-connections 122 to and from the programmable
interconnect element INT 111 within the same tile, as shown
by the examples included 1n FIG. 1.

For example, a CLB 102 may include a configurable logic
clement (CLE) 112 that may be programmed to implement
user logic, plus a single programmable interconnect element
INT 111. A BRAM 103 may include a BRAM logic element
(BRL) 113 and one or more programmable interconnect
clements. In some examples, the number of 1nterconnect
clements included 1n a tile may depend on the height of the
tile. In the pictured implementation, a BRAM tile has the
same height as five CLBs, but other numbers (e.g., four) may
also be used. A DSP tile 106 may include a DSP logic
clement (DSPL) 114 and one or more programmable inter-
connect elements. An 10B 104 may include, for example,
two 1nstances of an mnput/output logic element (I0L) 115
and one 1nstance of the programmable interconnect element
INT 111. The actual I/O bond pads connected, for example,
to the I/O logic element 115, may be manufactured using
metal layered above the various illustrated logic blocks, and
may not be confined to the area of the mput/output logic
clement 115.

In the pictured implementation, a columnar area near the
center of the die (shown shaded in FIG. 1) 1s used for
configuration, clock, and other control logic. Horizontal
areas 109 extending from the column distribute the clocks
and configuration signals across the breadth of the program-
mable IC 100. Note that the references to “columnar™ and
“horizontal” areas are relative to viewing the drawing 1n a
portrait orientation.

Some programmable ICs utilizing the architecture 1llus-
trated 1in FIG. 1 may include additional logic blocks that
disrupt the regular columnar structure making up a large part
of the programmable IC. The additional logic blocks may be

programmable blocks and/or dedicated logic. For example,
the processor block PROC 110 shown in FIG. 1 spans

several columns of CLBs 102 and BRAMSs 103.

FIG. 1 illustrates an exemplary programmable IC archi-
tecture. The numbers of logic blocks mm a column, the
relative widths of the columns, the number and order of
columns, the types of logic blocks included in the columns,
the relative sizes of the logic blocks, and the interconnect/
logic implementations are provided purely as examples. For
example, 1n an actual programmable IC, more than one
adjacent column of CLBs 102 may be included wherever the
CLBs 102 appear, to facilitate the etlicient implementation
ol user logic.

Integrated circuits (IC) (e.g., FPGA)), such as the pro-
grammable 1C 100, for example, may be used 1n a commu-
nication system to support various data commumnication
protocols over wide frequency ranges while using progres-
sively smaller areas. In various examples, analog signal
levels may be converted into digital voltages, digital cur-
rents or digital charge signals using an analog-to-digital
converter (ADC). Successive-approximation-register (SAR)
ADC 1s a type of ADC that may convert a continuous analog,
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wavelform 1nto a discrete digital representation via, for
example, a binary search, through possible quantization
levels betore finally converging upon a digital output for
cach conversion.

FIG. 2A depicts an exemplary time-interleaved (T1) ana-
log-to-digital converter (ADC) with an integrating sampling
front-end circuit 1implemented in the IC. In this depicted
example, a communication system 200 includes a base
station 203 to transmit and/or recerve data from some data
communication devices. In this example, the base station
205 recerves an analog signal from a portable communica-
tion device 210 (e.g., cell phone). The base station 205
includes an integrated circuit (IC) 215 to perform data
communications through an antenna (not shown) between
the base station 205 and the cell phone 210. For example, IC
215 includes a filter (e.g., a low-pass filter) 220 to filter
noises in the analog signal. An analog-to-digital converter
(ADC) system 225 may sample and convert the filtered

analog signal Vin into a digital signal. The sampling and
conversion may be controlled by different clock signals. The
digital signal may be then processed by a digital signal
processor (DSP) 230, for example.

The time interleaving may be performed through a suc-
cession of multiple hierarchical layers arranged as a tree
structure, where endpoints on each one of the final branches
may be subADC:s. In this depicted example, the ADC system
225 includes a two-layer sampling front-end circuit 233A. A
first sampling layer of circuits Rank 1 of the sampling
front-end circuit 233A 1includes, for example, a voltage
bufler 240. The voltage builer 240 1s coupled to receive the
filtered analog signal Vin and generate a continuous time
buffered signal n,,. The first sampling layer of circuits Rank
1 also includes, for example, a first group of switches 240aq,
and 240d. The first group of switches 240a and 2404 are
coupled to the output of the voltage bufler 240. Each of the
first group of switches 240a and 2404 1s controlled by a
corresponding clock signal cka and ckd, respectively. The
first sampling layer of circuits Rank 1 also includes, a first
group of capacitors 2405 and 240e. One terminal of each
capacitor 1n the first group of capacitors 24056 and 240e¢ 1is
connected to a corresponding switch in the first group of
switches, the other terminal of each capacitor 1n the first
group of capacitors 2405 and 240e 1s connected to a finite
impedance voltage source (shown as ground in this
example). The corresponding switch and the corresponding
capacitor form a track- and hold-circuit. For example, the
switch 240a and the capacitor 2405 form a track-and-hold
circuit 241, and the switch 2404 and the capacitor 240e form
a track-and-hold circuit 242.

A second sampling layer of circuits Rank 2 of the sam-
pling front-end circuit 233A includes, for example, two
transconductors 251 and 252. Each of the two transconduc-
tors 251 and 252 1s coupled to the output of a corresponding
switch of the two switches 240q and 2404, respectively. In
some embodiments, the second sampling layer of circuits
Rank 2 may also include, for example, a current sources 261
and a switch 264. The current source 261 may be arranged
between the two adjacent transconductors 251 and 252. One
terminal of the current source 261 may be coupled to a
reference voltage (e.g., ground), and the other terminal of
the current source 261 may be coupled to switch 264. The
current source 261 may be connected to the transconductor
251 under the control of the clock signal ckd, and the current
source 261 may also be connected to the transconductor 252
under the control of the clock signal cka through the switch

264.
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The second sampling layer of circuits Rank 2 also
includes a second group of switches 271a and 272a. Each
switch of the second group of switches 271a and 272a 1s
coupled to the output of a corresponding transconductor 251
and 252, and each switch of the second group of switches
271a and 272a 1s controlled by a corresponding clock signal
cka and ckd. The other terminal of each switch of the second
group ol switches 271a and 272a 1s coupled to a supply
voltage. In some embodiments, switches in the same sam-
pling path may be controlled by different clock signals. For
example, the switch 271a and the switch 240a may be
controlled by different clock signals. The second sampling
layer of circuits Rank 2 also includes, a second group of
capacitors 2715 and 272b. Each capacitor in the second
group ol capacitors 2715 and 2725 1s connected to a corre-
sponding switch 1n the second group of switches 1n parallel.
The parallel connected corresponding switch and capacitor
form a resettable capacitor. For example, the switch 271a
and the capacitor 2715 form a resettable capacitor 271, and
the switch 272a and the capacitor 2725 form a resettable
capacitor 272. Each capacitor in the second group of capaci-
tors 2715 and 2726 1s also connected to a corresponding,
transconductor of the two transconductors 251 and 252. The
transcondunctor (e.g., transconductor 251, 252) followed by
a capacitive load (e.g., capacitor 2715-272b 1n the resettable
capacitors 271-272) may form an integrating bufler. In this
depicted example, the second sampling layer of circuits
Rank 2 include two integrating builers formed by formed by
the transconductor 251 and the capacitor 2715, and the
transconductor 252 and the capacitor 2715, respectively. The
integrating bufler, including a transconductor and a capaci-
tive load, 1s a voltage-to-current builer, rather than a voltage
bufler. The structure and characteristics of different
transconductors are described in further detail with reference
to FIGS. 3A-3B. An exemplary integrating bufler that
includes an exemplary transconductor 1s described in further
detail with reference to FIGS. 4A-4B4B.

In this depicted example, the ADC system 2235 also
includes 12 time-interleaved sub-ADCs connected to the
sampling front-end circuit 233A. Every six sub-ADCs are
controlled by a corresponding sampling and hold path. Each
transconductor of the two transconductors 251 and 2352 1s
also followed by six sub-ADCs of the 12 sub-ADCs. For
example, six sub-ADCs 1n a subsystem 281 1s connected to
the output of the transconductor 251. Each sub-ADC also
includes a resettable track-and-hold circuit. For example, a
first sub-ADC 1ncludes a resettable track-and-hold circuit
290. The resettable track-and-hold circuit 290 includes a first
integration switch 290a. One terminal of the first integration
switch 290a 1s coupled to the transconductor 251, the other
terminal of the first integration switch 290a 1s coupled to one
terminal of a capacitor 290b. The other terminal of the
capacitor 2906 1s coupled to, for example, ground. The
resettable track-and-hold circuit 290 also includes a first
reset switch 290¢. One terminal of the first reset switch 290c¢
1s coupled to the other terminal of the first integration switch
290q, and the other terminal of the first reset switch 290c¢ 1s
coupled to a power supply, for example. The resettable
track-and-hold circuits (e.g., the resettable track-and-hold
circuit 290) may be controlled by a first integration signal 1;
and a first reset signal 1». The first integration switch 290aq
may be controlled by the first integration signal 1 and the
first reset switch 290¢ may be controlled by the first reset
signal 1». The combination of the first integration switch
290a and the capacitor 2906 may be defined as a regular
track-and-hold circuit.

10

15

20

25

30

35

40

45

50

55

60

65

8

The filtered analog signal Vin 1s received by the bullers 1n
the two-layer sampling structure and 1s then sampled by the
12 time-interleaved sub-ADCs. Each subsystem of the sub-
systems 281-282 1s driven by a different clock signal. Two
adjacent subsystems (e.g., the subsystems 281-282) are
driven by two anti-phase clock signals. For example, the first
clock signal cka used by the first subsystem 281 may have
a O-degree phase difference compared to a reference clock
signal. The clock signal ckd used by the subsystem 282 may
have a 180-degree phase difference compared to the refer-
ence clock signal. As the clock signal cka and ckd are
anti-phased, interferences between two samples may be
advantageously reduced. In some embodiments, the filtered
analog signal Vin may be a differential signal, and all or part
of the sampling front-end circuit 233 A may be differential to
receive and sample the differential signal Vin. For example,
the transconductors may be differential transconductors. In
some embodiments, all or part of the sampling front-end
circuit 233 A may be single-ended to receive and sample the
signal Vin.

The generated continuous time buflered signal n 1s
integrated by the integrating buflers 1n Rank 2. More spe-
cifically, the a first integrating bufler receives signal n_ and
generates a first buflered signal n_ ., a second integrating
bufler receives signal n, and generates a second buflered
signal n .. The signals n_ and n , are receirved by correspond-
ing SAR ADCs in their corresponding subsystems 281, 282,
respectively. In the first subsystem 281, a resettable track-
and-hold circuit (e.g., the resettable track-and-hold circuit
290) of the first sub-ADC within the subsystem 281 receives
the signal n_ . and generates a tracked signal n The

acl®
tracked signal n

_., may be then converted to a digital signal
by the first sub-ADC. In the second subsystem 282, a
resettable track-and-hold circuit of a fourth sub-ADC
receives the signal n, and generates a tracked signal n , _,.
The tracked signal n, , may be then converted to a digital
signal by the fourth sub-ADC.

The sub-ADC reset happens during the tracking phase of
the first sampling layer of circuits Rank 1, and during reset
phase, a resettable track-and-hold switch (e.g., integration
switch 290qa) 1s ofl, and the reset switch (e.g. the reset switch
290c¢) 1s on. The integration happens during the hold phase
of the first sampling layer of circuits Rank 1, and a resettable
track-and-hold switch (e.g., the integration switch 290a) 1s
on. In some embodiments, only one sub-ADC iput 1n a
particular subsystem (e.g., subsystem 281-286) may be
integrated at a time. For example, before the integration,
during the reset phase, the track-and-hold switch (e.g., the
integration switch 290aq) in the sub-ADC may be ofl, the
reset switch (e.g., the reset switch 290¢) may be on and the
internal voltage may be reset to a predefined common mode
voltage. After the integration, the track-and-hold switch may
be ofl, and the internal voltage may be held until the next
reset phase. Timing diagrams of exemplary clock signals
and voltage signals of the sampling front-end circuit are
described 1n detail with reference to FIG. 2B. By using the
integrating builers 1in the sampling front-end circuit, a faster
settling response with “linear” settling characteristic may be
obtained, and the required bandwidth may be relaxed, and
the power may be reduced while keeping the same footprint.

FIG. 2B depicts timing diagrams of exemplary clock
signals and voltage signals of the integrating sampling
front-end circuit described with reference to FIG. 2A. As
shown 1n FIG. 2B, clock signal cka and clock signal ckd are
in anti-phase. An exemplary buftered signal n,,, generated
by the voltage bufler 240 1s shown. The voltage signals n
and n , 1n the first sampling path and 1n the second sampling
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path are also shown. Then, outputs (e.g., n__, n, ) of the
integrating buflers (e.g., the first integrating bufller formed
by the transconductor 251 and the capacitor 2715, and the
second integrating bufler formed by the transconductor 252
and the capacitor 272b) are generated. For example, the first
integrating bufler may start integrating the signal n_, at a
talling edge of the clock signal cka and generating the signal
n_., the itegration may be ended and reset to a low
impedance common mode voltage (shown as ground 1n this
example) at a next rising edge of the clock signal cka. The
second 1ntegrating builer may start integrating the signal n ,
at a falling edge of the clock signal ckd and generating the
signal n ,_, the mtegration may be ended and reset to a low
impedance common mode voltage (shown as ground in this
example) at a next falling edge of the clock signal ckd (e.g.,
rising edge of the clock signal cka). The outputs (n__.,,n, )
of exemplary resettable track-and-hold circuits 1n the sub-
ADCs are also shown. The signal n__, 1s internal to one
sub-ADC (e.g., the first sub-ADC 1n the subsystem 281). By
using the integrating bufler, linearly settling voltage step
response may be obtained, thus, high-speed implementa-
tions with less power consumption of the ADC system 2235
may be obtained.

FIG. 3A depicts a simplified diagram of an exemplary
transconductor. In this depicted example, an exemplary 1deal
representation of the transconductor 231 1s shown. The
transconductor 251 receives a voltage signal Vi and then
transters the voltage signal V1 into a current output Iout. The
current output Iout may be proportional to the received
voltage signal Vi. For example, I =Gm*Vi. Gm 1s the
transconductance (1.e. “voltage to current” gain) of the
transconductor 251. The transconductor 251 may be fol-
lowed by a capacitive load to form one type of integrating
bufler. The capacitive load may include, for example,
capacitors 1n regular or resettable track-and-hold circuaits.
The capacitive load may also include, for example, reset-
table capacitors. The capacitive load may also include a
capacitor digital-to-analog convertor (CDAC). An architec-
ture ol an exemplary resettable capacitor 1s discussed in
turther detail with reference to FIG. 4A.

FIG. 3B depicts a simplified diagram of an exemplary
gated transconductor. Another exemplary transconductor
that may replace the transconductor 251 or the transconduc-
tor 252 used 1n the sampling front-end circuit described with
reference to FIG. 2A 1s discussed. The transconductor 3008
1s a gated transconductor. The gated transconductor 300B 1s
controlled by a control signal EN. The current Iout generated
by the gated transconductor 300B may be enabled or dis-
abled according to the control signal EN being asserted or
de-asserted. The gated transconductor 300B may be fol-
lowed by a capacitive load (e.g., capacitors 1n track-and-hold
circuits and/or capacitors 1n resettable capacitors) to form
another type of integrating butler (e.g., the integrating butler
used 1n the sampling front-end circuit described with reter-
ence to FIG. 2A).

FIG. 3C depicts an exemplary integrating builer having a
gated transconductor and a resettable capacitor. In this
depicted example, an integrating butler 300C 1s obtained by
adding a resettable capacitor to the gated transconductor
300B described with reterence to FIG. 3B. The resettable
capacitor includes a capacitor C,\, s 7= COUpled to the
output of the gated transconductor 300B. The resettable
capacitor also mcludes a switch T that may be controlled by
a reset signal RST. The capacitor C,nrpnn 7z may be
explicit or made from circuit and/or wiring parasitic capaci-
tance. The term resettable capacitor may be taken to mean a
capacitor with accompanying circuitry permitting plate
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potentials to be defined by typically low impedance voltage
sources, such that the voltage across the capacitor takes on
a value largely determined by such voltage sources. The
gated current Iout may be integrated onto a capacitor that 1s
resettable to a finite impedance voltage source (e.g., 0 volts)
by using the reset signal RST.

FIG. 4A depicts an exemplary symbol of the integrating
bufler described with reference to FIG. 3C. In this depicted
example, a symbol of the integrating butler 300C described
with reference to FIG. 3C i1s disclosed. The integrating builer
300C includes a gated transconductor 300B and a resettable
capacitor 310 coupled to the output of the gated transcon-
ductor 300B. The resettable capacitor 310 includes a capaci-
tor C, e 47z COUpled to the output of the gated transcon-
ductor 300B. The capacitor C,rrrcr 7= Mmay be explicit or
made from circuit and/or wiring parasitic capacitance within
the structure, or an external capacitance connected to the
same node. The resettable capacitor 310 also includes a
switch T. The switch T, controlled by the reset signal RST,
1s arranged 1n parallel with the capacitor C, rrr 477 In this
depicted example, the capacitor C,,,-rr ;7= and the switch
T are also coupled to ground. In some embodiments, the
switch may be coupled to a different low impedance voltage
other than ground, and the switch may be then not connected
with the capacitor C,nrrp 47 10 parallel.

FIG. 4B depicts exemplary simplified timing diagrams for
the integrating butier described with reference to FIG. 3C. In
this depicted example, exemplary diagrams and waveforms
are shown to describe an 1dealized example of the integrat-
ing bufler 300C described with reference to FI1G. 3C. In this
depicted example, wavelorms of the enable signal EN,
voltage Vi, current 1, and voltage V ,,,- are arbitrary and are
only shown to explain the fundamental operation of the
integrating butler 300C. When the enable signal EN 1s high
(e.g., equal to logic 1), the gated voltage controlled current
source may be enabled and may produce a current I pro-
portional to the signal Vi 1n the load (integration) capacitor
(e.g., capacitor C,rrsr47z) 10 produce an output voltage
Vor As long as the enable signal EN 1s high, the integra-
tion may continue, after which the final integrated value may
be held by setting EN to low. The integration may be
described by the integral equation I, =EN*Gm * Vi. When
an 1deal (1nstantaneous) reset signal RST 1s asserted, output
voltage V ;- may be reset to zero or other defined constant
low 1impedance voltage. Then the cycle may start again, the
new 1nput voltage may be integrated. By using the integrat-
ing buller, linearly settling voltage step response may be
obtained, and high-speed implementations with less power
consumption of the ADC system 225 may be obtained.

FIG. 5 depicts another exemplary sampling front-end
circuit using integrating buflers. In this depicted example, a
second exemplary sampling front-end circuit 233B 1s dis-
cussed. The sampling front-end circuit 233B includes a
voltage bufler 235 and a two-layer sampling structure. The
voltage bufler 235 1s optional and may be used to receive the
filtered analog signal Vin. A first sampling layer of circuits
Rank 1 of the sampling front-end circuit 233B includes, for
example, three voltage bullers 240, 245, and 250. Each of
the three voltage buflers 240, 245, and 250 1s coupled to the
output of the voltage bufller 235. The first sampling layer of
circuits Rank 1 also includes, for example, six switches
240a, 240d, 245b, 245¢, 250¢ and 2504, and six capacitors
2400, 240¢, 245¢, 245/, 2504 and 250e. The switch 240aq and
the switch 2404 are coupled to the output of the voltage
bufler 240. The switch 2455 and the switch 245¢ are coupled
to the output of the voltage butler 245. The switch 250¢ and
the switch 2504 are coupled to the output of the voltage
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bufler 250. Fach of the six switches 240a, 240d, 2455, 245e¢,
250¢ and 2504 1s controlled by a corresponding clock signal
cka, ckd, ckb, cke, ckc, and cki, respectively. Each capacitor
of the six capacitors 24056, 240¢, 245¢, 245/, 2504 and 250¢
1s connected to a corresponding switch of the six switches
240a, 240d, 2455, 245¢, 250¢ and 2504 1n series to form a
corresponding track-and-hold circuit 241, 242, 246, 247,
248 and 249.

A second sampling layer of circuits Rank 2 of the sam-
pling front-end circuit 233B includes, for example, six
transconductors 251, 252, 253, 254, 255, and 256. Each of
the six transconductors 251, 252, 253, 254, 255, and 256 1s
coupled to the output of a corresponding switch of the six
switches 240a, 240d, 2455, 245¢, 250c and 250d, respec-
tively. The second sampling layer of circuits Rank 2 also
includes, for example, three current sources 261, 262, and
263, and a first group of switches 264, 265, and 266. Each
current source 1s arranged between two adjacent buflers. For
example, the current source 261 1s arranged between the
transconductors 251 and 2352. The current source 262 1s
arranged between the transconductors 253 and 254. The
current source 263 1s arranged between the transconductors
255 and 256. One terminal of each of the current sources
261, 262, and 263 1s coupled to a reference voltage (e.g.,
ground), and the other terminal of each of the current
sources 261, 262, and 263 1s coupled to a switch of the first
group of switches 264, 265, and 266. For example, the other
terminal of the current source 261 1s coupled to switch 264.
The current source 261 may be connected to the transcon-
ductor 251 under the control of the ckd, and the current
source 261 may also be connected to the transconductor 252
under the control of the cka through the switch 264. Simi-
larly, the current source 262 and current source 263 may also
be connected to two adjacent transconductors (e.g.,
transconductors 253 and 254, transconductors 255 and 256)
through a corresponding switch (e.g., switch 263, or switch
266).

The second sampling layer of circuits Rank 2 also
includes a second group of switches 271a, 272a, 273a, 274a,
275a, and 276a, and a second group of capacitors 2715,
272b, 273b, 274b, 2775b, and 276bH. Each capacitor of the
second group of capacitors 271b, 272b, 273b, 274b, 275b,
and 276b 1s connected to a corresponding switch of the
second group of switches 271a, 272a, 273a, 274a, 275a, and
276a 1n parallel to form a corresponding resettable capacitor
271,272, 273,274, 275, and 276 to reset the transconductors
251-256. A corresponding transconductor followed by a
corresponding resettable capacitor forms one type of inte-
grating buflers. Each switch of the second group of switches
1s coupled to the output of a corresponding transconductor
251-256, and each switch of the second group of switches 1s
controlled by a corresponding clock signal cka, ckb, ckc,
ckd, cke, and cki. In some embodiments, switches 1n the
same sampling path may be controlled by diflerent clock
signals. For example, the switch 271a and the switch 240q
may be controlled by different clock signals. The other
terminal of each switch of the second group of switches 1s
coupled to a supply voltage.

In this depicted example, the ADC system 225 also
includes 36 time-interleaved sub-ADCs connected to the
sampling front-end circuit 233B. Every six sub-ADCs are
controlled by a corresponding sampling and hold path. Each
transconductor of the six transconductor 251-256 1s also
followed by six sub-ADCs of the 36 sub-ADCs. For
example, six sub-ADCs 1n a subsystem 281 1s connected to
the output of the transconductor 251. Each sub-ADC also
includes a resettable track-and-hold circuit. For example, a

10

15

20

25

30

35

40

45

50

55

60

65

12

first sub-ADC includes a resettable track-and-hold circuit
290. The resettable track-and-hold circuit 290 includes a first
integration switch 290a. One terminal of the first integration
switch 290q 1s coupled to the transconductor 251, the other
terminal of the first integration switch 2904 1s coupled to one
terminal of a capacitor 290b. The other terminal of the
capacitor 2905 1s coupled to, for example, ground. The
resettable track-and-hold circuit 290 also includes a first
reset switch 290¢. One terminal of the first reset switch 290c¢
1s coupled to the other terminal of the first integration switch
2904, and the other terminal of the first reset switch 290c¢ 1s
coupled to a power supply (e.g., a fimite impedance voltage
source), for example. The resettable track-and-hold circuit
290 following the transconductor may be controlled by a
first integration signal 17 and a first reset signal 1. The first
integration switch 290a may be controlled by the first
integration signal 1/ and the first reset switch 290¢ may be
controlled by the first reset signal 1. Timing diagrams of the
s1X clock signals and exemplary integration signals and reset
signals are described 1n detail with reference to FIG. 6.

The filtered analog signal Vin 1s received by the transcon-
ductors 1n the two-layer structure and 1s then sampled by the
36 time-interleaved sub-ADCs. FEach subsystem path
through the various layers of the subsystems 281-286 1s
driven by a different clock signal. Two adjacent subsystems
of the subsystems 281-286 are driven by two anfi-phase
clock signals. For example, a first clock signal cka used by
the first subsystem 281 may have a 0O-degree phase difler-
ence compared to a reference clock signal. The clock signal
ckd used by the subsystem 282 may have a 180-degree phase
difference compared to the reference clock signal. As the
clock signal cka and ckd are anti-phased, interferences
between two samples may be advantageously reduced.

The sampling sequence may be adjusted to make two
subsystems connected to the same builer in the first sam-
pling layer of circuits controlled by anti-phase clock signals.
For example, for the 36 time-interleaved sub-ADCs, a 1%
sample, a 7% sample, a 137 sample, a 197 sample, a 25
sample, and a 31°* sample may be sampled by sub-ADCs in
the subsystem 281. A 4” sample, a 10” sample, a 16”
sample, a 227 sample, a 287 sample, and a 34” sample may
be sampled by sub-ADCs 1n the subsystem 282.

In this depicted example, six clock signals (e.g., cka, ckb,
ckc, ckd, cke, cki) are used to control the six subsystems
281-286. A phase diflerence between two consecutive sam-
pling clock signals may be 60-degree (e.g., 360/6, 6 1s the
number of clock signals). For example, the first clock signal
cka used by the first subsystem 281 may have a 0-degree
phase diflerence compared to a reference clock signal. The
clock signal ckb used by the subsystem 283 may have a
60-degree phase diflerence compared to the reference clock
signal. The third sampling clock signal ckc used by the
subsystem 2835 may have a 120-degree phase difference
compared to the reference clock signal. In some embodi-
ments, other phase relationships may be used based on
different number of sampling paths and/or clock signals. For
example, a sampling front-end circuit may include M sam-
pling paths, and M clock signals may be used to control the
sampling. A phase diflerence between two consecutive clock
signals may be 360/M.

Although 1n this depicted example, the second sampling
layer of circuits Rank 2 includes integrating builers (e.g.,
transconductor shown 1n FIG. 3A followed by a resettable
capacitor), 1 some embodiments, one or more of the
transconductors 251-256 may be the gated transconductor
shown 1n FIG. 3B. In some embodiments, one or more of the
voltage bullers the first sampling layer of circuits Rank 1
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may also be replaced by integrating builers. The integrating,
builers used 1n the first sampling layer of circuits Rank 1
may be same or diflerent than the integrating butlers used in
the first sampling layer of circuits Rank 2. For example, the
resettable capacitors 271-276 may be replaced by (resettable
or regular) track-and-hold circuits. By using the transcon-
ductor as part of an integrating bufler, a faster settling
response may be obtained (a “linear” settling characteristic,
as opposed to an “exponential” settling characteristic), and
required bandwidth may be relaxed by more than 5 times
and the power may be reduced to less than 30% while
keeping the same footprint.

FIG. 6 depicts timing diagrams of exemplary clock sig-
nals of the integrating sampling front-end circuit described
with reference to FIG. 5. In this depicted example, the
timing diagrams of clock signals cka, ckb, ckc, ckd, cke, and
cki are shown. Two consecutive clock signals have a 60-de-
gre¢ phase diflerence. And the clock signals for two sub-
systems that connected to a same bufler in the previous layer
are anti-phased. For example, the clock signal cka 1s used 1n
the path for subsystem 281, and the clock signal ckd 1s used
in the path for subsystem 282. The subsystem 281 and the
subsystem 282 are connected to the same voltage butler 240
in the first sampling layer of circuits Rank 1. The clock
signals cka and ckd are 1n anti-phase. Thus, interferences
between two samples may be advantageously reduced.

Timing diagrams of exemplary integration signals and
reset signals are also shown. For example, the first reset
signal 17 used to reset the resettable track-and-hold circuit
(e.g., the resettable track-and-hold circuit 290) 1n a first SAR
ADC of the subsystem 281 1s changed from low to high at
the rising edge of the clock signal cka, and the resettable
track-and-hold circuit 1s 1n reset mode. Then the first nte-
gration signal 17 used to hold the resettable track-and-hold
circuit (e.g., the resettable track-and-hold circuit 290) 1n the
first SAR ADC of the subsystem 281 1s changed from low
to high at the falling edge of the clock signal cka. And at the
talling edge of the first integration signal 1i, the first SAR
ADC of the subsystem 281 may start performing data
conversion. Timing diagrams of reset signals and integration
signals used for the 4” sample, 7 sample, 107 sample, 13”
sample, 197 sample, 25” sample and 31* sample performed
in the first subsystem 281 and the second subsystem 282 are
also shown in FIG. 6. The equivalent sampling window
duration of each sub-ADC may be the sum of reset time and
integration time.

FIG. 7 depicts an exemplary clock local distribution
scheme for sub-ADCs i the TI-ADC converter with refer-
ence to FIG. 5. As discussed with reference to FIG. 5, the
ADC system 225, in the depicted example, includes six
subsystems (e.g., 281-286) 1n six different sampling paths.
Each subsystem includes 6 sub-ADCs. To control the reset-
table track-and-hold circuit (e.g., the resettable track-and-
hold circuit 290), an integration signal (e.g., 1/) and a reset
signal (e.g., 1#) may be generated. Clock signals, used to
control the individual sub-ADCs, sharing the same Rank 2
builer, may be obtained from one of the clocks controlling
track-and-hold circuits in the first sampling layer of circuits
Rank 1. For example, a demultiplexer (demux) may be used
to distribute the pluses form the Rank 1 clock through the
correspondent sub-ADCs.

In this depicted example, a demultiplexer (demux) may be
used to generate six reset signals or six integration signals.
For example, a first demux 710a may be used to receive the
clock signal cka to generate six reset clock signals 1r, 77,
137, 197, 257, and 317 for six reset switches in the six
sub-ADCs of the first subsystem 281, respectively. A first
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shift register 71056 may be used to receive, for example, the
clock signal cke and generate a selection signal for the first
demux 710aq. The first demux 710a may output a corre-
sponding reset signal to control the reset switch (e.g., reset
switch 290c¢) 1n response to the selection signal generated by
the first shift register 7105. As shown 1n FIG. 3, the rising
edges of reset signals (e.g., 7r, 137, 197, 257, and 31r#) and
integration signals (7i, 13i, 197, 25i, and 31:) for the first
subsystem 281 happens shortly after the rising edge of the
clock signal cke. In some embodiments, other clock signals
may also be used to generate the selection signal.

A second demux 715a and a second shift register 7155
may be used to generate six reset clock signals 47, 107, 167,
227, 287, and 34r for six reset switches 1n the six sub-ADCs
of the second subsystem 282 1n response to the clock signal
ckd and clock signal ckb. Similarly, demux 720a, 725a,
730a and 735a, and corresponding shift registers 72005,
725b, 7306 and 73556 may be used to generate corresponding
reset signals for corresponding sub-ADCs in the third,
fourth, fifth, and sixth subsystems 283-286, respectively.

In this depicted example, a seventh demux 740a 1s used
to receive the clock signal ckd to generate six integration
clock signals 1i, 7i, 13i, 19i, 25i, and 31 for s1x integration
switches 1n the six sub-ADCs of the first subsystem 281,
respectively. A seventh shift register 7406 may be used to
receive, for example, the clock signal ckb and generate a
selection signal for the seventh demux 740q. In some
embodiments, the seventh shift register 74056 may also be
used to receive another clock signal (e.g., clock signals
rather than the mput signal received by the demux 740a) and
generate a selection signal for the seventh demux 740q to
reduce glitches happen 1n between transitions. The seventh
demux 740aq may output a corresponding integration signal
to control an integration switch (e.g., the integration switch
290a) 1n response to the selection signal generated by the
seventh shift register 7405. Similarly, demux 743a, 750a,
755a, 760a and 763a, and corresponding shiit registers
545b, 550b, 755b, 760b and 76556 may be used to generate
corresponding 1ntegration signals for corresponding sub-
ADCs 1n the second third, fourth, fifth, and sixth subsystems
282-286, respectively. Thus, sampling may be performed by
continuously rotation.

FIG. 8 depicts another exemplary generalized sampling
front-end circuit implemented with the integrating bufler
described with reference to FIG. 3C. In this depicted
example, an exemplary generalized sampling front-end cir-
cuit 800 1s discussed. The sampling front-end circuit 800
includes J+1 different time-interleaved (T1) banks config-
ured to receive an input signal (e.g., the filtered analog signal
Vin). ] may be any positive mteger or 0. The sampling
front-end circuit 800 1includes a number of sampling layer of
circuits (1.e., ranks). For example, a first sampling layer of
circuits Rank1', a second sampling layer of circuits Rank 2',
a third sampling layer of circuits Rank 3', etc. Each TI bank
may include a number of buflers, switches and capacitors to
form a sub sampling front-end circuit. Each sub sampling
front-end circuit may be a multi-layer (multi-rank) sampling
structure.

For example, a first sub sampling front-end circuit 801
comprising a first TI bank (e.g., TI bank[O]) depicts a
structure with at least three layers. The first sampling layer
of circuits Rank 1" of the first sub sampling front-end circuit
801 includes a voltage bufler BUF[0]. The voltage builer
BUF][O] 1s used to receive a sub-mput signal Vinsub and
generate a signal V.-, The first sampling layer Rank 1
also includes M+1 regular track-and-hold circuits T&H[0,0],
T&H[O0,1], . .., T&H[O,M]. M may be any positive integer
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or 0. All the M+1 regular track-and-hold circuits T&H[0,0],
T&H[O0,1], . . ., T&H[0,M] are commonly coupled to the
output of the voltage buller BUF[0] 1n the first layer Rank
1". Each switch 1n each of the M+1 regular track-and-hold
circuits 1s controlled by a corresponding clock signal CLK
[0,0], CLK[O,1], . . ., CLK[O,M]. Each of the M+1 regular
track-and-hold circuits may generate a corresponding track-
and-hold signal V 00, V701 - - -+ Y 75704, 10 YESPONse to the
corresponding clock signal CLK[0,0], CLK[O,1], . . .,
CLK[0,M] and the sub 1mnput signal Vinsub. In some embodi-
ments, the sub mput signal Vinsub may be a differential
signal. And all or part of the first sub sampling front-end
circuit 801 may be differential to receive and sample the
differential signal Vinsub. For example, the transconductor
may be a differential transconductor. The track-and-hold
circuits T&H[0,0], T&H[O,1], . . ., T&H[0,M] may also be
differential. In some embodiments, all or part of the sam-
pling front-end circuit 233 A may be single-ended to receive
and sample the signal Vin.

A second sampling layer of circuits Rank 2" of the sub
sampling front-end circuit 801 includes, for example, M+1
gated transconductors (e.g., the gated transconductor 600B).
Each of the M+1 gated transconductors Gm[0,0], . . . ,
Gm|[0,M] 1s coupled to a corresponding regular track-and-
hold circuit of the M+1 regular track-and-hold circuits in the
first sampling layer of circuits Rank 1'. Each gated transcon-
ductor of the M+1 gated transconductors in the second
sampling layer of circuits Rank 2" may generate a corre-
sponding signal Vim0, - - - » Vaaon, due to the current
output of the particular Gm being integrated into to the
capacitance at the corresponding Gm output added to the
capacitance in the corresponding active track-and-hold (1.e.
the capacitance on one of the nets V. .0, Vimgrs - - -

VTHOM)‘

The second sampling layer of circuits Rank 2"
also 1ncludes, {for example, (M+1)*(K+1) switches
SW[0,0,0],...,SWJ[0,0,K], ..., SW[0,M,K]. K may be any

positive mteger or 0. When K=0, the sub sampling front-end
circuit 801 may have a similar structure to the sampling
front-end circuit 233B described with reference to FIG. 5.
Every K+1 switches of the (M+1)*(K+1) switches are
commonly connected to an output of a corresponding gated
transconductor 1n the second sampling layer of circuits Rank
2". For example, the K+1 switches SW[O,M,0], . . .
SW[OM,1], ..., SW[O,M,K] are all coupled to the output
of the gated transconductor Gm/[0,M].

The second sampling layer of circuits Rank 2"
also includes (M+1)*(K+1) resettable capacitors
C .1000],...,C _J00K],...,C, [0,MK].FEach of the

(M+1)*(K+1) resettable capacﬂor (e.g., the resettable
capacitor 710) 1s coupled to a corresponding switch of the
(M+1)*(K+1) switches. Each switch 1n each of the resettable
capacitors C,_[0,00],...,C JO0,0K],...,C, [OMK]is
controlled by a correspondmg reset mgnal RST[0,0,0], . . .,
RST[0,0,K], . . ., RST[0,M,K]. The gated transconductors
Gm[0,0], . .., Gm[0,M] and the resettable capacitors in the
second sampling layer of circuits Rank 2" form integrating
buflers (e.g., the integrating builer 300C 1n FIG. 3C). Each
of the formed integrating bullers may generate a correspond-
ing integrated signal Vo000 - - - > Yivroure 11 SOmMe
embodiments, the second sampling layer of circuits Rank 2"
may also include another group of capacitors that may
connected with a corresponding switches 1 the K+1
switches SW[OM,0], . .., SW[O,M,1], ..., SW[O,M,] to
form a number of track-and-hold circuits (not shown).

A third sampling layer of circuits Rank 3" of the sub
sampling front-end circuit 801 includes, (IM+1)*(K+1) volt-
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age buflers BUF[0,0,0], ..., BUF[0,0,.K], ..., BUF[0O,M,K].
Each of the (M+1)*(K+1) voltage butflers 1s coupled
to the output of a corresponding resettable capacitor
C,..[000]...,C_J00K] ...,C JOMK]to receive a
corresponding mtegrated 31gnal meam ey Voo

The third sampling layer of circuits Rank 3" may also
include (M+1)*(K+1)*(LL+1) track-and-hold circuits. L may

be any positive iteger or 0. Every L+1 track-and-hold
circuits of the (M+1)*(K+1)*(LL+1) track-and-hold circuits
are commonly connected to an output of a corresponding
voltage builer in the third sampling layer of circuits Rank 3".
For example, the L+1 regular track-and-hold circuits T&H
[0,0,0,0], T&H[0,0,0,1], ..., T&H[0,0,0,L] are all coupled
to the output of the voltage bufier BUF[0,0,0]. Each switch
in each of the (M+1)*(K+1)*(L+1) track-and-hold circuits
may be controlled by a corresponding clock signal. For
example, the switch 1n the track-and-hold circuit T&H][O0,0,
0,0] 1s controlled by a clock signal CLLK[0,0,0,0].

Each Sub-ADC may be coupled to each of the (IM+1)*
(K+1)*(L+1) regular track-and-hold circuits 1n the third
sampling layer of circuits Rank 3". In some embodiments,
cach of the (M+1)*(K+1)*(L+1) track-and-hold circuits may
be implemented in a corresponding sub-ADC. In some
embodiments, the sub sampling front-end circuit 801 may
also include an N-layer sampling structure. N 3. For
example, the sub sampling front-end circuit 801 may be a
four-layer sampling structure that further includes a fourth
sampling layer of circuits Rank 4" (not shown).

In this description example, the buflers in the second
sampling layer of circuits Rank 2" are integrating builer
described with reference to FIG. 3C. In some embodiments,
some or all of the integrating buflfers may be replaced by
other types of integrating buflers. For example, the integrat-
ing buflers may include the transconductors 251. For
example, the integrating bufilers may include the gated
transconductors 300B followed by a diflerent capacitive
load (e.g., capacitors 1n a track-and-hold circuit). In some
embodiments, some or all of the voltage buflers (e. 2.,
BUF[0], GM]0,0]-GM[0,M], BUF[0,0,0]-BUF[0,M,K]) 1n
the sub sampling front-end circuit 801 may be also replaced
by the same or different integrating buflers. By using inte-
grating buflers, a faster settling response (with “linear”
settling characteristic) may be obtained and required band-
width may be relaxed and the power and potentially the
input capacitance may be reduced while keeping the same
footprint or potentially a smaller footprint.

FIG. 9 depicts a tlow chart of an exemplary method to
implement a sub sampling front-end circuit described with
reference to FIG. 8. An exemplary method 900 to implement
a sub sampling front-end circuit in FIG. 8 1s described. The
method 900 includes, at 905, mtroducing a variable 1 and
initializing the variable 1 equal 1. The method 900 also
includes, at 910, providing an i’ sampling layer of circuits
(Rank 1") having K buflers (e.g., BUF[0]) and K*M
switches (switches 1n the track-and-hold circuits T&H[0,0],
T&H[O0,1], . .., T&H[O,M]), K=1, M=1.

The method 900 also includes, at 915, configuring the K
buflers to receive an analog mnput signal (Vinsub). The
method 900 includes, at 920, coupling each M switches of
the KIM switches to a corresponding builer of the K buflers,
M=z=1, Kz1. At least one bufler of the K buflers may include
an integrating buller. By replacing voltage bufllers with
integrating buller, a faster settling response with “linear”
settling characteristic may be obtained, thus, high-speed
implementations with less power consumption of the ADC
system 2235 may be obtained. In some embodiments, the
integrating bufllers may include transconductors, and/or
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gated transconductors followed by a corresponding capaci-
tive load. In some embodiments, the capacitive load may
include capacitors in track-and-hold circuits and/or reset-
table capacitors.

The method 900 also includes, at 925, providing KIM
capacitors and connecting each capacitor of the KIM capaci-
tors to a corresponding switch of the K*M switches 1n series
to form a corresponding track-and-hold circuit in the i”
sampling layer of circuits (Rank 1"). The method 900 also
includes, at 930, determiming whether a predetermined
N-layer sampling front-end circuit 1s obtained. If yes, the
method 900 ends. If not, then at 935, the wvariable 1 1s
incremented. And, the method also includes, at 940, provid-
ing an i” sampling layer of circuit that having at least one
builer and at least one track-and-hold circuit, and coupling
each buffer in the i” sampling layer to a corresponding
switch in the (i-1)” sampling layer of circuits. The buffers
in the N-layer sampling front-end circuit includes one or
more integrating bulilers.

For example, the method 900 may include providing a

second sampling layer of circuits (e.g., Rank 2') having KIM
buflers and coupling each bufler of the K*M buflers to a
corresponding switch of the K*M switches in the first
sampling layer of circuits. The second sampling layer of
circuits may include at least one track-and-hold circuits. In
some embodiments, the method 900 may also include pro-
viding a third sampling layer of circuits (e.g., Rank 3")
comprising K*M*L track-and-hold circuits (e.g., the track-
and-hold circuits T&HJ[0,0,0,0], T&H[O0,1], ..., T&H[O,M,
K,L] i FIG. 8) and K*M*L buflers (not shown), coupling
cach track-and-hold circuits of the K*M*L track-and-hold
circuits to a corresponding bufler of the KIM butlers 1n the
second sampling layer of circuits Rank 2", and coupling
cach bufler of the K*M*L buflers to a corresponding track-
and-hold circuit of the K*M*L track-and-hold circuits 1n the
third sampling layer of circuits Rank 3". The buflers in the
second sampling layer of circuits Rank 2" and/or the third
sampling layer of circuits may be voltage buflers and/or
integrating buflers. In some embodiments, the method 900
may also include one or more steps to provide a N-layer
sampling front-end circuit, N 3, for example. In some
embodiments, the buflers in one rank of the N-layer sam-
pling front-end circuit may include a first type of integrating
bufler. Bullers in one or more other ranks of the N-layer
sampling front-end circuit may include the same or different
types integrating buflers from the first type of integrating
builer.
In some embodiments, the sampling front-end circuit
233A, the sampling front- end circuit 233B, or the sampling
front-end circuit 800 may be arranged on the same inte-
grated circuit (e.g., IC 215) with the sub-ADCs (e.g., sub-
ADCs 281-286). In another embodiment, the sampling
front-end circuit may be implemented 1n a different inte-
grated circuit (e.g., another FPGA) to perform the tracking
and holding. In some embodiments, the sampling front-end
circuit may be implemented as hard block fixed circuitry.
For example, an application specific integrated circuit
(ASIC) may provide a sampling front-end circuit with
customized hardware circuitry. While dedicated hard block
circuitry 1 an ASIC implementation may not be reconfig-
urable once mstantiated 1n an integrated circuit, for example,
an ASIC implementation may, 1n some implementations,
provide for a mimimized platform with respect to, for
example, power consumption and/or die area.

In some embodiments, some or all of the functions of the
sampling front-end circuit may be implemented in a pro-
cessor that 1s configured to execute a set of instructions
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stored 1n a data store to control the sampling. The processor
may be arranged on the same integrated circuit with the filter
220 and the DSP 230. For example, the sampling front-end
circuit, the filter, and the data store may be implemented 1n
a programmable logic block of a system-on-chip (SOC), and
the processor and the DSP 230 may be implemented in
another hard block using, for example, fixed circuitry of the
SOC, or another SOC on a separate chip. In some embodi-
ments, soltware programs may be used to control the gen-
eration of clock signals used 1n the sampling front-end
circuit.

FIG. 10 depicts an exemplary System-on-Chip (SOC) on
which the disclosed circuits, methods and processes may be
implemented. SOC 1000 1s an example of a programmable
IC and an imtegrated programmable device platform. In the
example of FIG. 10, the various, diflerent subsystems or
regions of the SOC 1000 illustrated may be implemented on
a single die provided within a single integrated package. In
other examples, the diflerent subsystems may be imple-
mented on a plurality of interconnected dies provided as a
single, integrated package.

In the example, the SOC 1000 includes a plurality of
regions having circuitry with different functionalities. In the
example, the SOC 1000 optionally includes a data process-
ing engine (DPE) array 1002. SOC 1000 includes program-
mable logic (PL) regions 1004 (hereaiter PL region(s) or
PL), a processing system (PS) 1006, a Network-on-Chip
(NOC) 1008, and one or more hardwired circuit blocks
1010. DPE array 1002 1s implemented as a plurality of
interconnected, hardwired, and programmable processors
having an interface to the other regions of the SOC 1000.

PL 1004 1s circuitry that may be programmed to perform
specified functions. As an example, PL. 1004 may be imple-
mented as field programmable gate array type of circuitry.
PL. 1004 can include an array of programmable circuit
blocks. Examples of programmable circuit blocks within PL
1004 include, but are not limited to, configurable logic
blocks (CLBs), dedicated random access memory blocks
(BRAM and/or UltraRAM or URAM), digital signal pro-
cessing blocks (DSPs), clock managers, and/or delay lock
loops (DLLs).

Each programmable circuit block within PL 1004 typi-
cally includes both programmable interconnect circuitry and
programmable logic circuitry. The programmable 1ntercon-
nect circuitry typically includes a large number of 1ntercon-
nect wires of varying lengths interconnected by program-
mable interconnect points (PIPs). Typically, the interconnect
wires are configured (e.g., on a per wire basis) to provide
connectivity on a per-bit basis (e.g., where each wire con-
veys a single bit of information). The programmable logic
circuitry implements the logic of a user design using pro-
grammable elements that may include, for example, look-up
tables, registers, arithmetic logic, and so forth. The program-
mable interconnect and programmable logic circuitries may
be programmed by loading configuration data into internal
configuration memory cells that define how the program-
mable elements are configured and operate.

The PS 1006 1s implemented as hardwired circuitry that 1s
fabricated as part of the SOC 1000. The PS 1006 may be
implemented as, or include, any of a variety of different
processor types each capable of executing program code.
For example, PS 1006 may be implemented as an individual
processor, €.g., a single core capable of executing program
code. In another example, PS 1006 may be implemented as
a multicore processor. In still another example, PS 1006 may
include one or more cores, modules, co-processors, nter-
taces, and/or other resources. PS 1006 may be implemented
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using any ol a variety of different types of architectures.
Example architectures that may be used to implement PS
1006 may include, but are not limited to, an ARM processor
architecture, an x86 processor architecture, a GPU architec-
ture, a mobile processor architecture, a DSP architecture, or 53
other suitable architecture that 1s capable of executing
computer-readable instructions or program code.

NOC 1008 includes an interconnecting network for shar-
ing data between endpoint circuits i SOC 1000. The
endpoint circuits can be disposed in DPE array 1002, PL 10
regions 1004, PS 1006, and/or 1n hardwired circuit blocks
1010. NOC 1008 can include high-speed data paths with
dedicated switching. In an example, NOC 1008 includes
horizontal paths, vertical paths, or both horizontal and
vertical paths. The arrangement and number ol regions 15
shown 1n FIG. 10 1s merely an example. The NOC 1008 1s
an example of the common infrastructure that 1s available
within the SOC 1000 to connect selected components and/or
subsystems.

NOC 1008 provides connectivity to PL 1004, PS 1006, 20
and to selected ones of the hardwired circuit blocks 1010.
NOC 1008 1s programmable. In the case of a programmable
NOC used with other programmable circuitry, the nets that
are to be routed through NOC 1008 are unknown until a user
circuit design 1s created for implementation within the SOC 25
1000. NOC 1008 may be programmed by loading configu-
ration data into internal configuration registers that define
how elements within NOC 1008 such as switches and
interfaces are configured and operate to pass data from
switch to switch and among the NOC interfaces. 30

NOC 1008 1s fabricated as part of the SOC 1000 and
while not physically modifiable, may be programmed to
establish connectivity between different master circuits and
different slave circuits of a user circuit design. NOC 1008,
for example, may include a plurality of programmable 35
switches that are capable of establishing packet switched
network connecting user specified master circuits and slave
circuits. In this regard, NOC 1008 1s capable of adapting to
different circuit designs, where each different circuit design
has different combinations of master circuits and slave 40
circuits implemented at different locations 1n the SOC 1000
that may be coupled by NOC 1008. NOC 1008 may be
programmed to route data, e.g., application data and/or
configuration data, among the master and slave circuits of
the user circuit design. For example, NOC 1008 may be 45
programmed to couple diflerent user-specified circuitry
implemented withuin PL 1004 with PS 1006, and/or DPE
array 1002, with different hardwired circuit blocks, and/or
with different circuits and/or systems external to the SOC
1000. 50

The hardwired circuit blocks 1010 may include nput/
output (I/0) blocks, and/or transceivers for sending and
receiving signals to circuits and/or systems external to SOC
100, memory controllers, or the like. Examples of different
I/0 blocks may include single-ended and pseudo diflerential 55
I/0s and high-speed differentially clocked transceivers. Fur-
ther, the hardwired circuit blocks 1010 may be implemented
to perform specific functions. Examples of hardwired circuit
blocks 1010 include, but are not limited to, cryptographic
engines, digital-to-analog converters, analog-to-digital con- 60
verters, and the like. The hardwired circuit blocks 1010
within the SOC 1000 may be referred to herein from
time-to-time as application-specific blocks.

In the example of FIG. 10, PL 1004 1s shown 1n two
separate regions. In another example, PL. 1004 may be 65
implemented as a unified region of programmable circuitry.

In still another example, PLL 1004 may be implemented as
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more than two different regions of programmable circuitry.
The particular organization of PL. 1004 1s not intended as a
limitation. In this regard, SOC 1000 includes one or more PL
regions 1004, PS 1006, and NOC 1008. DPE array 1002
may be optionally included.

In other example implementations, the SOC 1000 may
include two or more DPE arrays 1002 located in different
regions of the IC. In still other examples, the SOC 1000 may
be implemented as a multi-die IC. In that case, each sub-
system may be implemented on a different die. The different
dies may be communicatively linked using any of a variety
ol available multi-die IC technologies such stacking the dies
side-by-side on an interposer, using a stacked-die architec-
ture where the IC 1s implemented as a Multi-Chip Module
(MCM), or the like. In the multi-die IC example, 1t should
be appreciated that each die may include single subsystem,
two or more subsystems, a subsystem and another partial
subsystem, or any combination thereof.

A programmable 1mtegrated circuit (IC) refers to a type of
device that includes programmable logic. An example of a
programmable device or IC 1s a field programmable gate
array (FPGA). An FPGA 1s characterized by the inclusion of
programmable circuit blocks. Examples of programmable
circuit blocks include, but are not limited to, input/output
blocks (10Bs), configurable logic blocks (CLBs), dedicated
random access memory blocks (BRAM), digital signal pro-
cessing blocks (DSPs), processors, clock managers, and
delay lock loops (DLLs). Modern programmable ICs have
evolved to 1include programmable logic 1n combination with
one or more other subsystems. For example, some program-
mable ICs have evolved into System-on-Chips or “SOCs”
that include both programmable logic and a hardwired
processor. Other varieties of programmable ICs include
additional and/or different subsystems.

Although various embodiments have been described with
reference to the figures, other embodiments are possible. For
example, the sub sampling front-end circuit 801 1s a gener-
alized structure, some sampling front-end circuits may omit
some elements in the generalized structure. For example,
some sampling front-end circuits may omit capacitors in one
or more ol the regular track-and-hold circuits. Some sam-
pling front-end circuits may also omit one or more switches
of the (K+1)*(M+1) switches in the third sampling layer of
circuits Rank 3'. Some sampling front-end circuits may also
omit one or more resettable capacitors.

Various examples may be implemented using circuitry,
including various electronic hardware. By way of example
and not limitation, the hardware may include transistors,
resistors, capacitors, switches, integrated circuits and/or
other devices. In various examples, the circuits may include
analog and/or digital logic, discrete components, traces
and/or memory circuits fabricated on a silicon substrate
including various integrated circuits (e.g., FPGAs, ASICs).
In some embodiments, the circuits may involve execution of
preprogrammed 1nstructions and/or soitware executed by a
processor. For example, various systems may involve both
hardware and software.

Some aspects of embodiments may be implemented as a
computer system. For example, various implementations
may include digital and/or analog circuitry, computer hard-
ware, firmware, software, or combinations thereol. Appara-
tus elements can be implemented 1n a computer program
product tangibly embodied 1n an information carrier, e.g., in
a machine-readable storage device, for execution by a fixed
hardware processor; and methods can be performed by a
programmable processor executing a program ol instruc-
tions to perform functions of various embodiments by
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operating on mput data and generating an output. Some
embodiments may be implemented advantageously 1n one or
more computer programs that are executable on a program-
mable system including at least one processor coupled to
recelve data and 1nstructions from, and to transmit data and
instructions to, a data store, at least one input, and/or at least
one output. A data store may include one or more registers
or memory locations 1n, for example, a memory space. A
computer program 1s a set of instructions that can be used,
directly or indirectly, in a computer to perform a certain
activity or bring about a certain result. A computer program
can be written 1n any form of programming language,
including compiled or interpreted languages, and 1t can be
deployed 1n any form, including as a stand-alone program or
as a module, component, subroutine, or other units suitable
for use 1n a computing environment.

In various embodiments, a computer system may include
non-transitory memory. The memory may be connected to
the one or more processors, which may be configured for
storing data and computer readable instructions, including
processor executable program instructions. The data and
computer readable instructions may be accessible to the one
or more processors. The processor executable program
instructions, when executed by the one or more processors,
may cause the one or more processors to perform various
operations.

A number of implementations have been described. Nev-
ertheless, 1t will be understood that various modification
may be made. For example, advantageous results may be
achieved 1f the steps of the disclosed techmiques were
performed 1n a different sequence, or 1f components of the
disclosed systems were combined 1n a different manner, or
if the components were supplemented with other compo-
nents. Accordingly, other implementations are within the
scope of the following claims.

What 1s claimed 1s:

1. A circuit comprising:

a first sampling layer comprising;:

a first voltage buller configured to receive an analog
input signal; and

a first track-and-hold circuit electrically coupled to an
output node of the first voltage bufler;

a second sampling layer comprising:

a first integrating bufler electrically coupled to an
output node of the first track-and-hold circuit, and
comprising a {irst capacitor and a first switch con-
nected to each other 1n parallel; and

a first analog-to-digital converter (ADC) electrically

coupled to an output node of the first integrating builer.

2. The circuit of claim 1, wherein the first integrating
butler comprises a transconductor.

3. The circuit of claim 2, wherein an output node of the
transconductor 1s coupled to a first terminal of the first
capacitor, and a second terminal of the first capacitor is
coupled to a finite impedance voltage source.

4. The circuit of claim 1, wherein the first sampling layer
turther comprises a second track-and-hold circuit electri-
cally coupled to the output node of the first voltage bufler,
and

wherein the second sampling layer further comprises a

second integrated bufller electrically coupled to an

output node of the second track-and-hold circuit, and
comprising a second capacitor and a second switch
connected to each other 1n parallel.

5. The circuit of claim 1, wherein the analog 1nput signal
1s a differential signal.
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6. A circuit comprising:

a first bufler configured to receive an analog input signal;

a second bufler configured to receirve the analog input

signal;

a first switch electrically coupled to an output node of the

first buffer:

a second switch electrically coupled an output node of the

second bufler; and

a first integrating bufler comprising an input node elec-

trically coupled to the first switch, and comprising a
first capacitor and a third switch connected to each
other in parallel.

7. The circuit of claim 6, wherein the integrating builer
comprises a transconductor.

8. The circuit of claim 7, wherein an output node of the
transconductor 1s coupled to a first terminal of the first
capacitor, and a second terminal of the first capacitor is
coupled to a finite impedance voltage source.

9. The circuit of claim 6 further comprising a second
integrating buller comprising an mput node electrically
coupled to the second switch, and a second capacitor and a
fourth switch connected to each other 1n parallel.

10. The circuit of claim 6 further comprising a first
analog-to-digital converter (ADC) electrically coupled to an
output node of the first integrating builer.

11. The circuit of claim 6 further comprising a second
capacitor electrically coupled between the first switch and
the first integrating builer, wherein the first switch and the
second capacitor form a first track-and-hold circuait.

12. The circuit of claim 6 further comprising:

a fourth switch electrically coupled to the output node of

the first bufler; and

a second integrating bufler comprising an mmput node

clectrically coupled to the fourth switch, and a second
capacitor and a fifth switch connected to each other 1n
parallel.

13. The circuit of claim 12 further comprising a second
ADC electrically coupled to an output node of the second
integrating builer.

14. The circuit of claim 12, wherein the second integrating
bufler further comprises a transconductor.

15. The circuit of claim 12 further comprising a third
capacitor electrically coupled between the fourth switch and
the second integrating builer, wherein the fourth switch and
the third capacitor form a second track-and-hold circuait.

16. A method comprising:

configuring each bufler of a plurality of builers to receive

an analog mnput signal;

clectrically coupling each switch of a plurality of switches

to an output node of a corresponding bufler of the
plurality of buflers;

providing a first integrating bufler comprising a first

capacitor and a first switch connected to each other 1n
parallel; and

clectrically coupling the first integrating bufler to a sec-

ond switch of the plurality of switches.

17. The method of claim 16, wherein the first integrating
bufler comprises a transconductor.

18. The method of claim 16 further comprising;:

providing a second integrating builer comprising a second

capacitor and a third switch connected to each other 1n
parallel; and

clectrically coupling the second integrating bufler to a
fourth switch of the plurality of switches.
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19. The method of claim 16, further comprising;

providing a second capacitor; and

clectrically coupling the second capacitor to the second
switch 1n series to form a first track-and-hold circuat.

20. The method of claim 16 further comprising: 5

providing an analog-to-digital converter (ADC); and

clectrically coupling the ADC to an output node of the

first 1integrating buifler.

G x e Gx o

24



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 10,911,060 B1
APPLICATION NO. : 16/683854
DATED : February 2, 2021

INVENTOR(S) : Pedro Wilson De Abreu Farias Neto

Page 1 of 1

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Specification

Column 2, Line 52, Delete “KIM” and insert -- K*M --, therefor.
Column 2, Line 55, Delete “KIM” and insert -- K*M --, therefor.

Column 2, Line 63, Delete “KIM” and insert -- K*M --, therefor.

Column 2, Line 63-64, Delete “N 1.” and insert -- N>1. --, therefor.

Column 3, Line 23, Delete “KIM” and insert -- K*M --, therefor.
Column 3, Line 26, Delete “KIM” and insert -- K*M --, therefor.
Column 5, Line 26, Delete “10B” and insert -- IOB --, therefor.
Column 16, Line 60, Delete “KIM” and insert -- K*M --, therefor.
Column 17, Line 35, Delete “KIM” and insert -- K*M --, therefor.
Column 17, Line 6, Delete “KIM” and 1nsert -- K*M --, therefor.
Column 17, Line 21, Delete “KIM” and nsert -- K*M --, therefor.

Column 17, Line 32, Delete “KIM” and insert -- K*M --, therefor.

Signed and Sealed this

Thirteenth Day of July, 2021

Drew Hirshfeld
Performing the Functions and Duties of the

Under Secretary of Commerce for Intellectual Property and
Director of the United States Patent and Trademark Office



	Front Page
	Drawings
	Specification
	Claims
	Corrections/Annotated Pages

